Intestinal tolerance toward dietary antigens and the microbiota critically depends on regulatory T cells (T reg cells). To exert their function, T reg cells need to get into the proximity of their target cells foremost within lymphoid organs and the lamina propria in the small and large intestines. Thus, T regcell-mediated immunosuppression is intrinsically linked to cell migration and localization. However, the gut lamina propria not only constitutes an effector site but also actively influences T reg -cell function. In particular, gut-resident macrophages take an active role in shaping the T reg -cell pool. Here, the author summarizes recent observations to suggest that T reg -cell migration not only directs cells to sites of immunosuppression but also allows for the coordinated shaping of the T reg -cell population.
Introduction
During the last few decades, regulatory T cells (T reg cells) have been a main focus in immunology. T reg cells have turned out to be key elements in the maintenance of immune tolerance and hold great therapeutic potential to treat autoimmune and other inflammatory diseases. The molecular mechanisms of T reg -cell-mediated immunosuppression have been difficult to pinpoint and may vary for different situations and the particular T reg -cell subset looked at. T reg cells can inhibit proliferation of effector T cells through production of immunosuppressive cytokines as well as exerting inhibition in a cell contactdependent manner. Moreover, T reg cells can suppress T-cell responses indirectly by modulating the stimulatory capacity of antigen-presenting cells (APCs) (1) . Yet irrespective of the precise mechanisms of suppression, T reg cells must come into the proximity of their target cells to exert their functions. Thus, the ability of T reg cells to migrate to different tissues and localize to distinct compartments is intrinsically linked to their function.
The best-characterized T reg -cell subset is CD4 + T cells expressing the transcription factor Foxp3 (2) . CD4 In this review, the author will focus on the role of cell trafficking for the generation and function of CD4 + Foxp3 + T reg cells in the murine intestinal immune system. The intestinal mucosa is constantly exposed to a wide range of foreign material including the intestinal microbiota and dietary antigens. In this setting of constant antigen exposure, T regcell-mediated immunosuppression is essential to maintain homeostasis. T reg cells can prevent inflammatory bowel disease, i.e. the advert reaction of the immune system to gut bacteria in genetically susceptible hosts (4) . Similarly, T reg cells mediate the suppression of immune responses to food antigens and the phenomenon of oral tolerance (5) . In both cases, T reg -cell migration not only directs T reg cells to their sites of action but also shapes the T reg -cell population and enables the generation of tailored T reg -cell phenotypes. intestinal immune system (6), i.e. the gut-associated lymphoid tissue (GALT) and the gut-draining mesenteric lymph nodes (MLNs).
The
The nT reg and iT reg cells play nonredundant roles in immune regulation (7, 8) but their functions are not easy to tell apart, in part because we are lacking markers to unambiguously distinguish both cell types. It has been proposed that nT reg cells (but not iT reg cells) express helios and neuropilin-1, which are expressed by most Foxp3 + T cells in blood and in the thymus. In contrast, the intestinal lamina propria harbors a substantial proportion of T reg cells lacking helios and neuropilin expression (9, 10) . This indicates that nT reg cells dominate in blood, whereas the intestinal lamina propria T reg -cell pool might be particularly enriched in iT reg cells. These differences in the representation of nT reg and iT reg cells at different anatomical locations must be kept in mind when the impact of trafficking routes on T reg -cell function is discussed.
T reg cells, just like naive T cells, can enter GALT and MLNs from the blood through high endothelial venules (HEVs) that display ligands for selectins, chemokine receptors and integrins on their luminal side (Fig. 1) . Consequently, T cells need to express L-selectin (CD62L), β2-integrins and chemokine receptor CCR7 to efficiently enter these compartments. Additionally, HEVs in MLNs and Peyer's patches (PPs) express the β7-integrin ligand mucosal addressin cell adhesion molecule-1 (MAdCAM-1). During the postnatal period, MAdCAM-1 is expressed in peripheral lymph nodes as well as in GALT and MLNs. However, MAdCAM-1 becomes downregulated in peripheral lymph nodes of adult mice, whereas in PPs and MLNs MAdCAM-1 expression is maintained in a manner dependent on the transcription factor NKX2.3 (11) . Thus, expression of β7-integrin allows for the differential homing of T cells into inductive compartments of the intestinal immune system and peripheral lymphoid organs.
Interaction of β7-integrin with its ligand MAdCAM-1 also has a key function for the homing of T cells into the intestinal immune systems effector sites, i.e. the villous mucosa, where MAdCAM-1 is expressed by blood venules. Moreover, T-cell homing to the gut lamina propria depends on the chemokine receptor CCR9 that is activated by its ligand CCL25 expressed by intestinal epithelial cells. Dependency of T-cell homing on CCR9 decreases toward the distal small intestine that expresses lower levels of the CCR9 ligand CCL25 compared with the proximal small intestine (12) . Induction of β7-integrin as well as CCR9 relies on the vitamin A metabolite retinoic acid (RA; 13).
In vitro expression of β7-integrin and CCR9 can be triggered by gut dendritic cells (DCs) that express higher levels of RA-producing enzymes compared with peripheral lymph node DCs. However, in vivo gut DCs and nonhematopoetic stromal cells both contribute to RA production and the induction of gut-homing molecules CCR9 and β7-integrin (14, 15) . Thus, RA plays a pivotal role in directing immune cells into gut effector sites and this pathway might be exploited therapeutically to manipulate immune cell homing (16, 17) .
In addition to the blood vasculature, lymphatics connect the various compartments of the intestinal immune system. T cells exiting GALT along with cells leaving the lamina propria will enter the MLN afferent lymphatics. Thus, T reg cells may not only unidirectionally migrate from MLN to lamina propria via blood but additionally might reenter the MLNs from the lamina propria via lymphatics. In the mouse, the MLNs appear as compact chain of fused lymph nodes and only the very proximal and distal parts are present as separate nodes. In contrast, in humans, the MLNs split up into a large number of individual lymph nodes. Still, in both species, distinct segments of the intestinal tube are drained by corresponding aspects of the MLN chain. Notably, in the commonly used C57BL/6 and BALB/c mouse strains, the most evident parts of the MLNs drain the small intestine and caecum but not the distal colon. This anatomical organization is and draining MLNs (lower panel) that both constitute sites of T regcell generation and T reg -cell-mediated immunosuppression. Epithelial cells produce CCL25 and CCL20, which interact with T-cell CCR9 and CCR6 to enable homing to the gut. Interaction of CD62L, CCR4, CCR7 and β2-integrins with their respective ligands [including, e.g. MAdCAM-1, peripheral node addressin (pNAd), CCL21 and integrin ligands] that are present on HEVs mediates homing to MLNs. In the MLNs, naive T cells can be activated by lamina propria-derived DCs (although T reg cells can suppress this) and the activated T-cell population can then express β7-integrin and CCR9. These gut-homing molecules direct the activated T-cell population, including T reg cells, into the gut lamina propria. Therein resident macrophages (Macs) and IL-10 along with other environmental cues maintain the T reg -cell phenotype and allow for the expansion of the T reg -cell population. Lamina propria T reg cells might reenter MLNs via lymphatics, presumably in an S1P receptor 1-dependent process, and feedback on immune induction and/or seed peripheral lymphoid tissues.
frequently neglected when changes in the 'MLNs' are discussed in the context of experimental models of colitis.
Entry of T reg cells into intestinal lymphatics has not been examined but, similar to naive T cells, might depend on sphingosine-1-phospahte (S1P) receptor 1 (18) . In the steady state, Foxp3 + T reg cells are present at fairly similar proportions in murine intestinal lymph and blood (M. Ugur, O. Schulz and O. Pabst, unpublished results). However, this finding is confounded by the composite nature of intestinal lymph comprising GALT-derived and lamina propria-derived cells and we do not know the fate of these cells. T reg cells traveling in intestinal lymph might enter the proper MLN structure and contribute to immune suppression. Alternatively, T reg cells might 'silently' bypass the MLNs and via efferent lymphatics and the thoracic duct reenter the blood circulation.
For the skin, this question has been addressed by the use of a photoconvertible fluorochrome. Labeling, by photoconversion, of skin-resident T cells revealed a noticeable population of skin-derived T reg cells in the draining lymph nodes and accumulation of skin-derived T reg cells was further enhanced during an ongoing immune reaction (19) . Moreover, T reg cells activated in islet allografts entered local lymph nodes to suppress immune responses (20) .
These observations indicate that indeed T reg cells have the potential to enter draining nodes via afferent lymph and this route seems to be relevant for optimal immunoregulation. Consistently, T cells injected into afferent lymphatics have been visualized to enter the lymph node parenchyma from a region described as peripheral medullary sinus. This route was 'open' for T cells alone, whereas coinjection of DCs enabled T cells to 'join' DCs entering directly into interfollicular regions through the floor of the subcapsular sinus on the afferent side (21) . Such pathways might open lymph nodes for an additional input of tissue-derived T-cell populations, including T reg cells, during inflammation. Thus, a comprehensive concept of T reg -cell trafficking in the intestine needs to consider blood-borne as well as lymph-borne sources of T reg cells.
Lessons from the adoptive-transfer model of colitis
One of the first experimental models to demonstrate T reg -cell function in vivo was the adoptive-transfer colitis model published in 1993 by Fiona Powrie in International Immunology (22) . Lymphopenic SCID mice transferred with CD45RB high CD4
+ T cells developed a lethal wasting disease that could be prevented by cotransfer of a regulatory population of CD45RB low CD4 + T cells. Frequently, T reg cells tested in this setup are isolated from peripheral lymphoid organs and comprise mostly nT reg cells. However, iT reg cells generated from Foxp3 -transferred cells in vivo contribute to suppression (8) . The adoptive-transfer model of colitis has been extensively used to characterize T reg -cell function in vivo, including the role of trafficking molecules. These experiments revealed that T reg cells need to express CD62L (23) and CCR7 (24) to potently suppress the onset of colitis. Moreover, CCR4-deficient T reg cells failed to efficiently home and accumulate in MLNs and did not prevent development of colitis (25) . In contrast, β7-integrin, mediating primarily homing to the gut lamina propria, was dispensable for this function (26) and forced expression of β7-integrin did not increase the protective effect of in vitro generated T reg cells (27) . We may therefore conclude that nT reg -cell homing to inductive compartments but not into the gut mucosa is key to prevent the development of colitis in this model. Still, there is strong evidence that T reg cells also act within the lamina propria to limit responses to microbiota and food antigens. IL-10 deficiency in Foxp3 + cells results in the development of colitis (28) and IL-10-producing Foxp3 + T reg cells are abundantly present in the colonic lamina propria (3) . A substantial fraction of T reg cells that are present in the lamina propria of colonized mice but not of germ-free mice lacks expression of neuropilin-1, which under noninflammatory conditions is considered as an nT reg marker (10) . Moreover, intestinal lamina propria T reg cells display a distinct TCR repertoire (29) and at least part of the T reg -cell pool in the colonic lamina propria recognizes microbiota-derived antigens (30) .
These observations indicate that the lamina propria T reg -cell population might be enriched in iT reg cells, and in particular, IL-10-producing iT reg cells seem to play an important role to prevent/limit colitis locally in the lamina propria. The origin of these iT reg cells has not been assessed in much detail. A substantial proportion of colonic IL-10 +
Foxp3
+ T reg cells expresses the chemokine receptor CCR6 and CCR6-deficient T reg cells home less efficiently into the inflamed colon (31, 32) . This indicates that directed trafficking of iT reg cells to the lamina propria contributes to the regulation of colitis. On the basis of our observations in the oral tolerance model (see below), we speculate that lamina propria-resident iT reg cells have been activated in GALT and gut-draining lymph nodes and subsequently entered the intestinal lamina propria.
Keeping peace with food antigens
Besides the microbiota, dietary antigens constitute a major source of foreign antigenic material in the intestine. A commonly used model to study tolerance to food antigens measures the attenuation of systemic immune responses induced after being fed with antigen, a phenomenon known as oral tolerance (5) . Oral tolerance can be transferred by adoptive transfer of CD4 + CD25
+ T reg cells (33) . Moreover, oral tolerance to the model antigen ovalbumin cannot be induced in mice retaining nT reg cells but unable to generate iT reg cells (34) and oral tolerance was lost upon depletion of Foxp3 + cells (35) . These observations indicate that the generation and/or maintenance of oral tolerance to ovalbumin require iT reg cells. Such an exclusive role of T reg cells cannot easily be generalized and T reg -cell-mediated tolerance induction is likely supplemented by additional tolerance mechanisms, e.g. T-cell depletion and anergy mediated by plasmacytoid dendritic cells (pDCs; 36). pDCs are particularly abundant in the liver and antigens injected in the portal vein induce a disseminated tolerance similar to that seen after oral feeding (37) . These examples illustrate that T reg -cell-mediated immune suppression acts in concert with additional tolerance mechanisms, the respective relevance of which may vary depending on the type of antigen and particular situation investigated. The high contribution of iT reg cells to oral tolerance induced upon feeding of ovalbumin is but one of these particular situations looked at.
We proposed that feeding with ovalbumin generates iT reg cells in a multiple step process (35) . The first step of oral
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tolerance induction requires the CCR7-dependent migration of CD103 + DCs from the lamina propria into the gut-draining MLNs (38) . Within the MLNs, CD103
+ DCs in collaboration with lymph node-resident stromal cells induce a founder population of gut-homing T cells enriched in FoxP3 + T reg cells. The process of iT reg -cell generation is particularly efficient in MLNs that drain the small intestine (39, 40) . A second step in iT reg -cell generation and thereby establishment of oral tolerance required homing of the activated T-cell population to the lamina propria. Consistently, oral tolerance was abolished in β7-integrin-deficient mice as well as in MadCAM-1-deficient mice characterized by defective gut homing, even though these mice generated iT reg cells in the MLNs similarly to wildtype mice. Gut homing of T cells enabled the local modulation of the T-cell pool and the expansion of T reg cells within the lamina propria (35 and Fig. 1) .
Besides β7-integrin-deficient and MadCAM-1-deficient mice, defective oral tolerance was recently reported in CCR9-deficient mice (41) . Homing of CD8 + T cells lacking CCR9 was heavily impaired, whereas homing of CD4 + T cells was less affected (42) . Indeed, in Allan Mowat's and in our laboratory, we observed intact oral tolerance in CCR9-deficient mice (5) . Thus, oral tolerance induction seems less consistently affected by CCR9 deficiency compared with β7-integrin deficiency and potentially might be influenced by additional factors such as antigen dose and housing conditions.
Collaboration of MLNs and lamina propria in iT reg -cell generation and immune regulation
T reg -cell expansion in the lamina propria was reduced in CX3CR1-deficient mice and this reduction correlated with impaired oral tolerance in these mice (35) . This indicates that the gut lamina propria not only constitutes a site of immune suppression but additionally takes an active role in the modulation of the T reg -cell population and its function. High expression of CX3CR1 characterizes a population of nonmigratory cells that reside in the lamina propria in the small and large intestine (43, 44) . These cells are derived from blood-borne monocytes distinct from DC precursors (45, 46) and show phenotypical traits of both DCs and macrophages. Thus, CX3CR1 high cells are now referred to by many authors as macrophages (47, 48) .
At present, it is not clear how CX3CR1 high macrophages affect T reg -cell expansion. CX3CR1 high macrophages express MHC class II and might act as APCs but gut epithelial cells also have the potential to drive T reg -cell expansion (49) . Moreover, CX3CR1
high macrophages constitutively express IL-10 (50), and in the colon, IL-10 production by myeloid cells is required to sustain Foxp3 expression in a manner dependent on the IL-10 receptor (51). This indicates that the colonic microenvironment provides important cues to sustain Foxp3 expression and thereby the T reg -cell phenotype. However, IL-10 might also feed back on the macrophage population and impaired IL-10 signaling in STAT-3-deficient macrophages exacerbated colitis development (52) . This suggests that IL-10 might act directly on the T cells as well as feed back on the macrophage population.
Eventually lamina propria-resident T reg cells might also reenter the draining MLNs. We observed that T reg cells are present in intestinal lymph at frequencies comparable to those observed in blood. Thus, in the steady state, exit of T reg cells from the lamina propria appears to be infrequent and/or numbers of naive T cells that have exited PPs might swamp the numbers of lamina propria-derived T reg cells in lymph and obscure such a migration route. In skin-draining lymph nodes, skin-derived T reg cells have been observed and such T reg cells particularly potently suppressed antigen-specific responses (19) . This indicates that T reg cells might undergo a cyclic entry into the gut lamina propria and draining lymph nodes. Such a migratory circuit might generate tailored T reg -cell populations and enable a feedback control of inflammatory processes. In any case, we assume that T reg cells can egress from intestinal lamina propria because gut homing of T cells is needed to suppress systemic responses toward food antigens (5).
Conclusions
T reg cells can enter inductive compartments via HEVs and suppress local immune responses. Additionally, T reg cells can be programmed to enter the gut lamina propria. Therein resident macrophages contribute to shape the T reg -cell population and its function. Thus, effective T reg -cell-mediated suppression requires the collaboration of inductive lymphoid compartments as well as local processes in the lamina propria in the small and large intestines. Eventually, T reg cells might reenter draining lymph nodes from the lamina propria via afferent lymph. Such a migratory circuit might install a feedback control of the immune responses at various levels.
Funding
Deutsche Forschungsgemeinschaft (PA921/1-1 and PA921/2-1 to O.P.).
